Introduction
It has been recognized that defects in apoptosisregulating genes are involved in the pathogenesis of human cancers (Orrenius, 1995; Thompson, 1995) . For example, the p53 tumor suppressor, an inducer of apoptosis, is frequently found to be inactivated due to deletion or mutation in a wide variety of human cancers, whereas the Bcl-2 oncoprotein, an inhibitor of apoptosis, is overexpressed in various malignancies (Hollstein et al., 1991; Haldar et al., 1994; Ikegaki et al., 1994; Hirose et al., 1997; Rampino et al., 1997) . However, except for p53 and bcl-2, expression of apoptosis-associated genes, especially BAG-1, has not been extensively examined in human cancers.
BAG-1 is an anti-apoptotic protein that was isolated by screening for Bcl-2-binding proteins (Takayama et al., 1995) . It not only enhances antiapoptotic activity of Bcl-2 but also inhibits apoptosis by itself (Takayama et al., 1995) . Further, BAG-1 can bind with several hormone receptors such as glucocorticoid and estrogen receptors, and two growth factor receptors, hepatocyte growth factor and platelet-derived growth factor receptors, and modulate their apoptotic function (Zeiner and Gehring, 1995; Bardelli et al., 1996; Froesch et al., 1998; Kullmann et al., 1998) . Human BAG-1 was recently found to be overexpressed in numerous cancer cell lines and some cancer tissues and the overexpression occurred at the transcriptional level Takayama et al., 1998; Yang et al., 1998; unpublished data) , indicating that upregulation of BAG-1 transcription may be involved in the development of human malignancies.
To study the molecular mechanism for the transcriptional regulation of the human BAG-1 gene, we have cloned its 5'¯anking region from genomic DNA. Computer analysis and functional assays in dierent tumor cell lines were used to identify, localize and characterize the BAG-1 promoter. More importantly, we provided the ®rst evidence that tumor-derived gainof-function p53 mutants can upregulate the BAG-1 gene promoter activity.
Results

Cloning and sequence analysis of the human BAG-1 promoter
To clone the 5'¯anking region of the BAG-1 gene, human genomic DNA was digested by EcoRV and SspI, and the fragments were ampli®ed by nested PCR. Two 866 bp (BGEV) and 485 bp (BGSP) PCR products were generated from the DNA digested with EcoRV and SspI, respectively. DNA sequence analysis showed that BGSP is contained within the 485 bp 3' end of BGEV (Figure 1a) . A BLAST search for homology of BGEV DNA with sequences in the database showed that 37 bp at the most 5' end of the BAG-1 cDNA sequences reported in the literature are identical to the 3' end 37 bp of BGEV DNA ( Figure  1a ). Since no other homology was found, this indicates that we have been the ®rst to clone the 5'¯anking region of the human BAG-1 gene. Figure 1b shows the 893 bp sequence of the BAG-1 gene upstream of the ®rst translation start codon (CTG) in the BAG-1 gene. No TATA box was present. However, a CCAAT box and ®ve 3' end-proximal GC boxes were found. Further, we identi®ed several GC-rich regions containing four Sp1 binding sites from 51 ± 140 bp upstream of the ®rst translation start codon CTG, three of which encompass three GC boxes (Figure 1b) . These features were also found in the promoter regions of other genes and required for basal and conditional expression (Ji et al., 1996) . DNA sequence analysis using GRAIL predicted a 272 bp CpG island located from nucleotide positions 7472 to 7200. The CpG island has an average GC content of 60% and a CpG score of 0.89. Sequence analysis using TRANSFAC identi®ed 15 putative binding sites for transcription factors, including zeste, Sp1, WT1, Ets, transforming growth factor-b (TGF-b) receptor, NF-1, AP-1, GATA-1, GCN4 and YY1. 
BAG-1 promoter activity in dierent tumor cell lines
To test the promoter activity of the BAG-1 upstream sequences in vivo, the BGEV fragment was subcloned into a promoterless luciferase reporter vector, pGL3-basic (pGL3-B), in sense and antisense orientations. Then, the plasmids were transiently cotransfected with the b-galactosidase control vector into HeLa cervical carcinoma cells. Luciferase activity was 16-fold higher than that for the pGL3-B vector when BGEV was in the sense orientation (BGP-Luc) and was markedly lower than that for BGP-luc when BGEV was in antisense orientation (BGP-AS; Figure 2 ). As a positive control, pGL3-Control (pGL3-C), which contains the SV40 promoter/enhancer, exhibited high luciferase activity. Since BAG-1 RNA was expressed at various levels Yang et al., 1998) , we tested the cell speci®city of the BAG-1 promoter in four dierent cancer cell lines. The luciferase activity from BGP-Luc was also high in another cervical carcinoma cell line, C33A, and a breast cancer cell line, MCF-7, but lower in a glioblastoma cell line, U87 (Figure 3) .
Location of the BAG-1 promoter region
To identify the functional region containing the BAG-1 promoter, a series of 5' deletion mutation constructs were produced using PCR with BGEV DNA as template ( Figure 4 ). The PCR products were subsequently cloned into the pGL3-B vector. Luciferase plasmids containing full-length or mutated BAG-1 upstream DNA were transiently cotransfected with bgalactosidase expression plasmid into HeLa cells. The plasmid containing the BAG-1 5'¯anking sequence from 7868 to 728 (7868/728-Luc) had moderately high luciferase activity. Deletion of nucleotides from 7868 to 7702, containing a YY1 site, led to a 50% increase of luciferase activity. The highest promoter activity was observed in the 7353/728-Luc construct. Deletion of nucleotides from 7353 to 7240, containing a TGF-b response element (TGF-bRE), an Ets-1 motif and half the CpG island, dramatically decreased the luciferase activity (5.4-fold). Deleting nucleotides from 7122 to 754, containing three Sp1 sites, three GC boxes and a WT1 site, abolished luciferase activity, leaving only control level activity for the plasmid containing the BAG-1 promoter 5' proximal 54 nucleotides (754/728-Luc). Taken together, the data show that the nucleotide 7353 to 754 region contains the maximum activity of the BAG-1 promoter.
Transactivation of the BAG-1 promoter by tumor-derived p53 mutants
Previous reports demonstrated that mutations of p53 play a role in over 50% of human cancers (Hollstein et al., 1991) and BAG-1 was overexpressed in variety of human cancers Takayama et al., 1998; Yang et al., 1998) . Mutant p53 derived from human cancer can exhibit gain-of-function and transactivate several genes associated with cell growth or tumorigenicity such as c-myc (Frazier et al., 1998) . Therefore, overexpression of BAG-1 in human cancer cells may be due to the transactivation of its promoter by mutant p53. To test this hypothesis, we ®rst cotransfected an expression vector for mutant p53-143A with the BGP-Luc BAG-1 promoter reporter plasmid into HeLa human cervical carcinoma cells. When increasing amounts of p53-143A were cotransfected, progressive second order increases in luciferase activity from BGP-Luc were seen ( Figure 5 ). This is Figure 2 Constitutive activity of the BAG-1 promoter. HeLa cells were transiently transfected with luciferase plasmid constructs containing the BAG-1 5'-¯anking region in the sense (BGP-luc) or antisense (BGP-AS) orientation. The vector plasmid pGL3-Basic (pGL3-B) and the pGL3-Control plasmid (pGL3-C) were used as negative and positive controls, respectively. Following transfection, the cells were cultured for an additional 40 h and then lysed in luciferase lysis buer. RLU indicates relative luciferase units. The values represent the mean of the b-galactosidase-normalized luciferase activity of three independent transfections and error bars represent the standard deviation BAG-1 promoter cloning and characterization X Yang et al consistent with the requirement of the oligomerization domain of mutant p53 for some but not all promoters that are transactivated (Lanyi et al., 1998) . The luciferase activity expressed from BGP-Luc was increased tenfold by 1 mg of p53-143A, whereas the luciferase activity of a control vector plasmid, pGL3-B, was unaected by 1 mg of p53-143A ( Figure 5 ). This result indicated that the BAG-1 promoter was speci®cally transactivated by mutant p53. Furthermore, we showed by Northern blot that the increase of BAG-1 promoter activity caused by p53-143A was associated with a 2.5-fold increase in the level of BAG-1 RNA (Figure 6 ). Consistent with an earlier report that c-myc transcription was transactivated by mutant p53 (Frazier et al., 1998) , an increase in the level of cmyc RNA was found when p53-143A was transfected into HeLa cells (Figure 6 ). In addition, cotransfection of various levels of wild-type p53 cDNA expression vector into HeLa cells had no eect on BGP-luc activity when normalized relative to the b-galactosidase internal control activity (data not shown).
To examine whether the eect of p53-143A on the BAG-1 promoter is common among other gain-offunction p53 mutants, we repeated the above experi- BAG-1 promoter cloning and characterization X Yang et al ment using 1 mg of dierent p53 mutants derived from dierent human tumors (Hinds et al., 1990; Frazier et al., 1998; Ryan and Vousden, 1998) . Consistent with the p53-143A results, 4 ± 8-fold induction of BAG-1 promoter activity was found ( Figure 7) . As a negative control, no induction was observed when the parental CMV expression vector was cotransfected with BGPLuc into HeLa cells.
Discussion
As a ®rst step toward understanding the molecular mechanism of BAG-1 upregulation in human cancer, we cloned the promoter region of the human BAG-1 gene. Analysis of this 5'¯anking region identi®ed a number of putative transcription factor binding sites including consensus sequences for YY1, GATA-1, Sp1, AP-1, TGF-b receptor, Ets-1 and WT1. Interestingly, several similar features were found in the promoter region of BAG-1 and those of the genes, bcl-2 and bcl-X L , of its interacting proteins. As for bcl-2 and bcl-X L , the BAG-1 promoter has no TATA box, but several putative Sp1-binding motifs were found in GC-rich regions in all three promoters. Sp1-binding motifs were shown to be essential for the function of the SV40 promoter in vivo (Negrini et al., 1987; Grillot et al., 1997) . Consistently, deletion of the three Sp1-binding sequences at the 3' end of the BAG-1 promoter abolished its activity (Figures 1  and 4) . Further, several other transcription factor binding sites (GATA-1, Ets and WT1) that were previously found in the promoter region of bcl-2 and bcl-X were also identi®ed in the promoter region of BAG-1 (Negrini et al., 1987; Grillot et al., 1997;  Figure  1 ). Both WT1 and Ets proteins were shown to , 1997) . Therefore, the three antiapoptotic genes, BAG-1, bcl-2 and bcl-X, may be regulated by the same transcription factors.
Computer analysis of the sequence of the BAG-1 promoter identi®ed a 272 bp CpG island located from nucleotide positions 7472 to 7200, indicating that BAG-1 expression may be regulated by methylation/ demethylation. DNA methylation/demethylation is important for gene regulation and may play an important role in tumor progression. Activation of oncogenes by demethylation and inactivation of tumor suppressor genes by methylation has been suggested to be a signi®cant event for dierent genes in all steps that lead to human cancer (Laird and Jaenisch, 1996; Baylin et al., 1998) . Since no rearrangement of the BAG-1 gene was found in human cancer cells (unpublished data), demethylation of the BAG-1 promoter could contribute to the enhanced expression of BAG-1 RNA in these cells. In addition, although BAG-1 RNA level was low in C33A cervical carcinoma cells (Yang et al., 1998) , promoter activity of the BAG-1 gene was high in this cell line (Figure 3) . The latter result indicates that all transcription factors necessary for initiating the transcription of BAG-1 RNA are present in C33A cells. Therefore, methylation of the endogenous BAG-1 promoter could be one of the reasons for the low transcription of BAG-1 RNA in C33A cells. We are currently testing these possibilities by examining the eect on luciferase activity of in vitro methylation of the BAG-1 promoter in the luciferase vector before its transfection into HeLa or C33A cells and in vivo demethylation by 5-azacytidine of the endogenous BAG-1 promoter DNA in normal human, HeLa or C33A cells.
p53 is a tumor suppressor gene that plays an important role in cell cycle control, DNA synthesis and repair, and maintenance of genomic stability (Levine, 1997) . Deletions or mutations of p53 have been detected in about 50% of human cancers (Hollstein et al., 1991; Levine, 1997) . In addition, it was reported that wild-type p53 can suppress the promoter activity of a number of cellular genes including c-fos, hsp70, Rb and DP1 (Ginsberg et al., 1991; Shiio et al., 1992; Ago et al., 1993; Gopalkrishnan et al., 1998) . Since bcl-2 transcription can also be downregulated by wild-type p53 (Miyashita et al., 1994a,b; Miyashita and Reed, 1995) , enhanced expression of Bcl-2 in cancer cells was at least partially due to the loss of p53-mediated bcl-2 suppression. Therefore, enhanced expression of BAG-1 in tumor cell lines Yang et al., 1998) may have resulted from loss of suppression by wild-type p53. Although our results showed that BAG-1 promoter activity relative to protein level was reduced by wild-type p53, no change in its activity was found when it was normalized using b-galactosidase as an internal control. The same observation was made for the c-fos promoter by others (Ryan and Vousden, 1998) . Therefore, the suppression of gene promoters by p53 may have been caused by apoptosis, as suggested by Ryan and Vousden (1998) . Alternatively, p53 may indirectly repress the promoter activity of some genes by modulating the binding of other transcription factors to the promoter. For example, p53 can suppress HIV-1 LTR activity by preventing Sp1 from binding to its binding sites in the LTR (Bargonetti et al., 1997) . Generally, wild-type p53 has been shown to inhibit viral or cellular promoters that do not have known p53-binding sites, while transactivating promoters, such as those of WAF1 and bax, which contain p53-binding sites. Considering all the data, the signi®cance of wild-type p53 in transcription repression remains poorly understood.
Previous studies demonstrated that mutant p53 can confer a gain-of-function, for example inducing Figure 7 Transactivation of BAG-1 promoter by p53 mutants derived from dierent tumors. BGP-luc was cotransfected with either CMV vector or the indicated human mutant p53 expression vectors into HeLa cells. Cell extracts were then assayed for luciferase activity. Data represent the fold increase of luciferase activity for the p53 mutants relative to the CMV control. Conditions were as in Figure 5 transformation, binding to Hsc70 or transactivation of a variety of cellular genes, including hsp70, MDR-1, PCNA, and c-myc (Hinds et al., 1990; Chin et al., 1992; Deb et al., 1992; Tsutsumi-Ishii et al., 1995; Frazier et al., 1998) . Since BAG-1 is an Hsp70-interacting protein (Takayama et al., 1997) , this raised the possibility that it may also be activated by mutant p53 like hsp70. In this report, we provided convincing evidence that gain of function p53 mutants, p53-143A, p53-175P, p53-248W, p53-273H, and p53-281G (Dittmer et al., 1993) , can transactivate the activity from a reporter gene driven from the BAG-1 promoter and transcription of BAG-1 RNA. Although the molecular mechanism for the transactivation of cellular genes by gain-of-function mutant p53 is uncertain, p53 mutants often modulate the transcription of genes such as BAG-1 that lack putative p53-binding sites (Lanyi et al., 1998) through an indirect mechanism. For hsp70, mutated p53 indirectly transactivated its promoter through a heat shock element (Tsutsumi-Ishii et al., 1995) . Sp1 has been suggested to mediate the transactivation of the HIV-1 LTR by mutant p53 (Subler et al., 1994) . Further experiments need to be performed to clarify how mutant p53 transactivates the BAG-1 promoter. However, our results do indicate that the enhanced expression of BAG-1 in human cancer cells may be due to the transactivation of the BAG-1 promoter by p53 mutants. Furthermore, recent studies indicate that mutant p53 can enhance the resistance of cells to apoptosis induced by anticancer drugs through a p53-independent mechanism (Li et al., 1998; Blandino et al., 1999) . Combined with our results, this suggests that mutant p53 can cause drug resistance by increasing the level of anti-apoptotic protein BAG-1 through transactivating BAG-1 transcription. Therefore, understanding the transcriptional regulation of the BAG-1 promoter would be helpful to explain the molecular mechanism of not only BAG-1 overexpression in human cancers, but possibly also how p53 gain-offunction mutants can lead to some human cancers and their resistance to chemotherapy.
Materials and methods
Cell culture
Human cell lines, HeLa (cervical carcinoma), C33A (cervical carcinoma), MCF-7 (breast carcinoma) and U87 (glioblastoma), were obtained from the American Tissue Culture Collection and cultured at 378C in 5% CO 2 in Dulbecco's modi®ed Eagle's medium supplement with 10% fetal bovine serum.
Cloning and computer analysis of the BAG-1 promoter region
Cloning of the BAG-1 promoter DNA was performed using a GenomeWalker kit (CLONTECH), according to the manufacture's instructions with minor modi®cations. In brief, two rounds of PCR were performed using ®ve GenomeWalker`libraries', which are composed of uncloned, adaptor-ligated genomic DNA fragments from DNA digested with EcoRV, ScaI, DraI, PvuII and SspI. The primary round of PCR used the outer adaptor primer (AP1: 5'-GTAATAC-GACTCACTATAGGGC-3') provided in the kit and an outer, BAG-1-speci®c primer (BGP1: 5'-CTGAGC-CAGGCCCGCACTTGTTGACC-3'). The PCR conditions are as follows: 2 s at 948C and 3 min at 708C for 7 cycles; 2 s at 948C and 3 min at 658C for 32 cycles; and 658C for an additional 4 min. The primary PCR reaction mixture was then diluted 1 : 50 and used as a template for a secondary PCR using a nested adaptor primer (AP2: 5'-ACTATAGGG-CACGCGTGGT-3') and a nested BAG-1-speci®c primer (BGP2: 5'-GGAAGCTGAGCGCGGCGTCTCACAAC-3'). The major PCR products were subsequently ligated into PCR3.1 vector (Invitrogen) and sequenced.
Homology searches were performed using BLAST (Basic Local Alignment Search Tool) from the National Centre for Biotechnology Information (NCBI) at http:// www.ncbi.nlm.nih.gov. A search for CpG islands was performed using GRAIL (Gene Recognition and Assembly Internet Link) at http://compbio.ornl.gov/Grail.1.3. Putative transcription factor binding elements in the BAG-1 promoter were analysed using the TESS (Transcription Element Search Software) program at: http://agave.humgen.upenn.edu/ tess.index.html.
Construction of luciferase reporter gene constructs
All constructs of the BAG-1 promoter for luciferase assays were generated by PCR and ligated into the XhoI/HindIII sites of the promoterless pGL3-Basic (Promega) vector. The identity of each construct was con®rmed by sequencing. The pGL3-Control (pGL3-C) positive control plasmid was obtained from Promega.
Transfection, luciferase assays and Northern blot analysis
All transfections were done in triplicate in 12-well plates. About 10 5 cells/well were seeded 24 h prior to transfection. Plasmids were transfected into cells using LipofectAMINE reagent (GIBCO ± BRL). The cells were incubated in transfection mix for 5 h, and then harvested after 40 h in culture. Luciferase assays were performed using luciferase assay reagent (Promega) and Monolight 2010 Luminometer (Analytical Luminescence Laboratory). Each experiment was repeated at least three times. Puri®cation of RNA from transfected cells and Northern blot analysis were as described previously (Yang et al., 1997) .
